Tensile tests of a single cell were simulated in order to understand the effects of the initial orientation of actin fibers (AFs) on global tensile properties. The properties examined included cell deformation, stiffness, and AF behavior. In the model used, the mechanical properties of cellular components, including the cell membrane with an associated actin network, nuclear envelope, and AFs, are expressed as a result of springs that generate force as a function of their extension. Cell shape during the tensile test was determined by a quasi-static approach couched in the framework of the minimum energy concept. Cells with various initial AF orientations were prepared; in particular, AFs in four different initial orientations, namely random (mean ± SD of the initial orientation angle, 46.4 ± 26.9°), parallel to the stretched direction (3.8 ± 3.5°), perpendicular (85.9 ± 2.6°), and diagonally oriented (44.5 ± 3.6°) were examined. The results show a significant drop in initial stiffness with an increase in mean initial AF orientation angles of 0 to 45°. The initial stiffness of the cell with parallel-oriented AFs was much larger than that with perpendicularly oriented AFs. The results also demonstrate that cell elongation induces a passive reorientation of AFs in a stretched direction, thereby causing an increase in cell stiffness. When comparing the rate of change for cell stiffness of the diagonally oriented model with that of the randomly oriented model, our data reveal that the rate of change of cell stiffness is characterized not only by the mean of the initial AF orientation angle, but also by the variation of their distribution.
Introduction
Actin filaments have been of great interest to scientists from early studies suggesting that they participate in many important cellular processes, including cell motility, cell division and cytokinesis, mechanotransduction, and cell shape (1) - (3) . Actin filaments are classified into two structural types. One type is a web-like actin network that underlies a thin lipid bilayer to give mechanical support to the cell cortex, and the other is actin fibers (AFs), which run transversely within a cell and hardwire the cytoplasm to its surroundings to support mechanotransduction (4) .
AFs are largely concerned with the structural strength and shape stability of cells (5) - (9) .
For example, Nagayama and Matsumoto (5) stretched cells in their long and short axes and attributed mechanical anisotropy in cells to the anisotropic orientations of AFs. Peeters et al. (6) compressed adherent cells in a direction perpendicular to the substrate and showed that cells are inclined to deform perpendicularly to the direction of the AFs that run along the long axis of cells. These studies suggest that AF orientation is an important factor in determining deformation behaviors of cells. We have developed a computational model of a cell, i.e., "the mechano-cell model," which is capable of expressing the deformation behavior of a cell during a mechanical test (10) . The model consists of a cell membrane, a nuclear envelope, and AFs, which together are depicted as a spring network. The mechanical behaviors of these components are determined on the basis of the minimum energy principle. Using the mechano-cell model, we have demonstrated that passive reorientation of AFs during a tensile test affects cell stiffness (10) . Because this model enables us to parameterize AF orientation as well as visualize and quantify the mechanics of individual AFs during tensile tests, it is well suited to discuss the relationship of AF orientation and global mechanical properties of cells.
The aim of present study is to investigate the effects of initial AF orientation on the global tensile properties of cells. We simulated the mechanical behavior of a cell during tensile tests using the mechano-cell model, which has various initial AF orientations. Load-cell deformation curves, stiffness, and orientation angles of AFs in each model were evaluated to study the relationship between global tensile properties and initial AF orientation.
Methods
The same model as used in Ujihara et al. (10) was employed to simulate the mechanical behavior of a cell. The model consists of three main components: a cell membrane (CM), a nuclear envelope (NE), and actin filaments (AFs).
Modeling of the cell membrane and nuclear envelope
The CM is a lipid bilayer reinforced with an actin network, and the NE is a double lipid bilayer supported by nuclear lamina. Because various transmembrane proteins and/or membrane-associated proteins penetrate the lipid bilayer and the cytoskeletal network like an anchor, we assume that the cytoskeletal network always deforms in concert with the lipid bilayer of the CM or NE.
The mechanical properties of the CM and NE were expressed as spring networks, as shown in Fig. 1(a) (10)- (12) . In brief, the CM and NE were divided into small triangular meshes. Figure 1 (b) illustrates two of the triangular elements, where black dots on vertices of the mesh are nodes. Nodes are linked by a spring (spring constant k s ) that gives rise to resistance to stretching. Neighboring elements are connected with a bending spring (spring constant k b ) that resists bending of the membrane. The potential energies W s and W b generated due to stretching and bending are given by
where N s and N b are the number of springs for stretching and bending, respectively; L 0j and L j are the lengths of a spring for stretching in the natural state and after deformation, respectively; and θ l is the contacting angle between neighboring elements.
To express the resistance to change in the surface area of CM and NE, potential functions for the area were introduced. The resistances to change in the surface area of the whole membrane and an area of a local element are both considered. The former corresponds to the situation where lipid molecules can move freely over the cytoskeletal Fig. 1 Schematic drawing of (a) the mesh of a cell membrane and nuclear envelope and (b) the mechanical model of the cell membrane and nuclear envelope.
network. The latter corresponds to the situation where movement of lipid molecules is restricted to a local element. To account for whole area change and local area change, we defined the potential functions W A (whole area change) and W a (local area change). Mathematically, they are given by 
where A and A e are the areas of the whole membrane and each element, respectively; subscript 0 denotes the natural state, k A and k a are coefficients for the whole and local area constraints, respectively; and N e is the number of elements.
Modeling of actin fibers
AFs run transversely within a cell to hardwire the CM (4) . Although AFs appear straight in adherent cells, they may buckle, fold, bend, and twist, and their mechanical properties may change once they are detached and suspended. Nevertheless, herein, for simplicity, an AF is represented as a straight spring that generates a force as a function of its extension. This simplification does not yield a morphologically realistic AF, but can express its mechanical nature. An AF is created by connecting two nodes on the CM with a linear spring. Based on Hooke's law, a potential energy W f generated by shortening or lengthening of all AFs was modeled as,
where k f is the spring constant of the AF; l 0i and l i are the length of AF i at the natural state and after deformation, respectively; and N f is the total number of AFs.
Interactions between the CM and NE
To express the physical interactions between the CM and NE via cytoplasm, we used a potential function with respect to the distance between them. Mathematically, we described the interaction between node i on the CM and node j on the NE as
where k n is a parameter used to express the interaction between the CM and NE, y ij = (d ij -δ)/δ, d ij is the distance between node i on the CM and node j on the NE, and δ is the radius difference between the CM and NE at their natural state. The total potential energy Ψ is calculated by taking a summation of Ψ ij as
where N n c and N n n are the number of nodes on the CM and NE, respectively.
Volume constraint
A volume constraint is imposed to determine the shapes of the CM and NE. Here, the volume constraint was imposed by a potential function
where j denotes CM (j = c) and NE (j = n), k V is the volume elasticity, and subscript 0 denotes the natural state.
Procedure for computation
Cell behavior was simulated such that the total elastic energy W was minimized. Based on the virtual work theory, an elastic force F i for node i was gained from
where r i is the position vector of i, and W is a sum of energies
The positional vector r i of node i is then updated by solving the motion equation defined for each node:
where m is a mass, a dot indicates the time derivative, and γ is the artificial viscosity. If the total elastic energy W N at calculation step N satisfies
where ε is a tolerance for convergence at this point, we renew the boundary conditions to proceed to the next real-time step. If this condition is not satisfied, however, we return to calculating force F and positional vector r N of the nodal points under the same boundary condition to reconstruct quasi-static tensile tests.
Initial AF orientation
Four models that differ in initial AF orientation with respect to the stretched direction were prepared: (a) parallel, (b) perpendicular, (c) diagonal, and (d) random. The parallel-oriented model and perpendicularly oriented model were prepared as extreme cases where AFs were uni-directionally aligned. The randomly oriented model was given as the case where AFs were not oriented in the particular direction. It is compared with the diagonally oriented model having different patterns in the AF orientations but the same mean orientation angle of AFs as the randomly oriented model. For preparation, 120 AFs that satisfy certain criteria were chosen from all possible candidates of AFs that were made by connecting two nodes on the CM. The criteria were set as follows: (1) the AF is longer than 4 µm and (2) the orientation angle θ evaluated as an angle between each AF and the stretched direction of the cell is within a specified range. Note that we did not exclude AFs that penetrated a nucleus. Table 1 summarizes the angle criteria and the mean ± SD of the resultant orientation angle for each model. For the randomly oriented model, AFs were chosen at random without any constraints on the orientation angles. Figure 2 show a histogram of the AF orientation angles for each model. As shown, AFs in the randomly oriented model are distributed uniformly from 0 to 90 degrees, whereas those in other models are in a narrow band of the angle. The mean ( θ ) ± SD of the AF orientation angle for the diagonally oriented model.
Simulation conditions
Based on previous experiments, we assumed that the CM and NE were spherical at their natural state, with diameters of 20 µm and 10 µm, respectively (13) , (14) . For the NE, the mass was set to be half that of the CM, whereas other parameters were double those of the CM. The spring constant of the AF k f was set to 1.5 × 10 6 µg/s 2 , and N f was 120. We assumed that the AFs were a natural length when the cell was in its natural state.
A tensile test was simulated by mimicking our tensile test experiments (13) , (14) . In the experiments, each cell floated in 37°C HBSS and was held between the fine tips of a micropipette and glass microplate. The cell was stretched by moving the micropipette at a rate of 6 µm/s. Cell deformation and the deflection of the microplate were measured from the images recorded in a tensile test. The load applied to the cell was calculated by the deflection and spring constant of the microplate to obtain a load-deformation curve. It is of note that the current experimental setup did not allow us to observe AF orientation within a cell throughout the experiment. The tensile test simulations were performed by moving the nodes of the CM on one side at a speed of 6 µm/s to stretch a cell, while fixing those at the other side. Table 1 The angle criteria and mean ± SD of the resultant orientation angles for parallel-, perpendicularly, diagonally, and randomly oriented models. 
Data analysis
The parameters discussed below were assessed for data analysis. The cell length L is defined as the distance between the fixed and pulled surfaces. The deformation D is defined as a difference between L and the natural cell length L 0 . The load F is assessed as the sum of forces in a stretched direction at the nodes that were moved under displacement constraint. The cell stiffness S is defined as the slope of the load-deformation curve for every 2.5 µm deformation D from 0 to 10 µm on the basis of the assumption that the curve is piecewise linear. In particular, the stiffness S at 0-0.25-µm deformation D is defined as the initial stiffness S 0 . Figure 3 shows model snapshots with different AF orientations during the tensile test. In all models, the cell and nucleus, which were originally spherical, appeared to be elongated in the stretched direction. In the randomly oriented and diagonally oriented models, AFs tended to be passively elongated and oriented in the stretched direction as the cell was stretched. In contrast, AFs in the parallel-oriented and perpendicularly oriented models did not show substantial changes in their orientation. Figure 4 shows load-deformation curves obtained from the simulations and experiments where a fibroblast was stretched in the tensile test system (13) , (14) . In all models, the load increased monotonically with cell deformation. Larger loads were required to stretch a cell with parallel-oriented AFs for the same length as compared with randomly oriented, diagonally oriented, and perpendicularly oriented AFs. The experimental data lie between the curve of the parallel-oriented AF model and that of perpendicularly oriented model. Figure 5 illustrates the cell stiffness S against cell deformation D. In all models, the stiffness S tended to increase with cell deformation D. Interestingly, a large gap was observed between the stiffness of the parallel-oriented model and that of the others. Compared with the perpendicularly oriented model, the parallel-oriented model had 15-times higher initial stiffness S 0 .
Results
The mean of the orientation angles θ over all AFs were assessed at a deformation D for every 2.5 µm. In Fig. 6 , the mean of the AF orientation angle θ is plotted against the cell deformation D. This figure shows that the mean θ monotonically decreased with cell deformation in randomly, diagonally, and perpendicularly oriented models, whereas it remained unchanged in the parallel-oriented model. however, it remained unchanged for the mean of orientation angles larger than 45°. The relationship between initial stiffness and the mean AF initial orientation angles demonstrates the same trends. Experimental stiffness (data not shown in Fig. 7 ), which is obtained by calculating the slope of a load-deformation curve between 0 and 20-µm deformation by linear regression analysis, was between the stiffness of the parallel-oriented and perpendicularly oriented models.
Discussion
A comparison of models with different initial AF orientations showed that the initial stiffness of the parallel-oriented model was much larger than that of the perpendicularly oriented model. The stiffness of the models was affected by the number of all AFs within a cell and AFs connecting the fixed surface to the pulled surface. The initial stiffness of the parallel-oriented model was much larger than that of the other three models, partly because the parallel-oriented model had more AFs connecting fixed to pulled surfaces than other models. One might wonder if this result is attributable to the AFs connecting fixed to pulled surfaces. However, we implemented the simulation where AFs connecting fixed to pulled surfaces were absent and showed that the initial stiffness of the parallel-oriented model was 1.6 times higher than that of the other three models. These simulation results suggest that the initial AF orientation angle characterizes the initial stiffness, thereby causing mechanical anisotropy in cells. This speculation is supported by previous experimental observations (5) - (7) . Nagayama and Matsumoto (5) showed that cell stiffness in the long axis, along which AFs appear to run, is 5 times higher than in the short direction. Peeters et al. (6) showed that adherent cells deform significantly less under compression in the long axis, along which AFs are predominantly oriented, compared with that in the short axis. Hu et al. (7) reported that the stiffness of adherent cells in the long axis is two times higher than that in the short axis. These results demonstrate that the initial orientation of AFs is important to mechanical anisotropy in the cell.
A non-linear increase in cellular stiffness with increasing applied deformation/load during mechanical tests has been reported in various experiments (15) - (18) . These studies attribute an increase in cellular stiffness during mechanical tests to the presence of cytoskeletons (19) , geometrical rearrangement of intracellular components (20) , prestresses in AFs (21) , and experimental conditions such as an increase in probe/cell contact area (22) . In spite of the fact that the present model did not include some of the factors listed above, the simulation demonstrated an increase in stiffness S with elongation of a cell, as shown in Fig.  4 . This was mainly due to passive reorientations of AFs in the direction of cell stretching during the cell-stretch test (Fig. 7) . The passive reorientation of AFs increased elastic resistance of the cell to the stretched direction, thereby making the load-deformation curve non-linear. Therefore, even though AF has linearity in its mechanical properties, the passive reorientation of AFs in accordance with cell deformation leads to non-linear deformation properties. The present study also demonstrates that the rate of increase in stiffness S differs even if the mean of the initial orientation angle of AFs is almost the same. Additionally, the stiffness S of the diagonally oriented model increased more than that of the randomly oriented model (Fig. 7) . This was apparently due to a difference in the speed of AF reorientation during a stretching test, which was based on the initial distribution of AFs within a cell. As shown in Fig. 5 , the mean of the AF orientation angle θ in the randomly oriented model decreased more gradually compared with that in the diagonally oriented model. More obviously, the rate of change for stiffness in the parallel-oriented model remained nearly the same despite cell elongation; AFs in this model had been oriented in the stretched direction at the initial state and were hardly reoriented (Fig. 7) . These results reveal that a changing rate in the stiffness S is deeply associated with the initial distribution of AFs.
As in the present study and others, the load-deformation curves obtained by a tensile test had wide individual variability (23) , (24) . Such individual variability is often explained in terms of intercellular differences in quantity, mechanical conditions, material properties, and orientations of subcellular components. As has been discussed, however, the orientation and distribution of AFs significantly affects the cell stiffness not only at the initial state, but also during deformation. Therefore, it is suggested that individual variability in the data obtained by tensile test experiments might be explained in terms of the initial orientation and distribution of AFs within a cell. The present model has some limitations, as has been deeply discussed in Ujihara et al. (10) . In particular, AF modeling has to be ameliorated to investigate the detailed influence of AFs. In this study, AFs are assumed to have a natural length at the initial state, although in spherical cells, they may buckle, fold, and loosen. In addition, throughout the tensile test, we assumed that AFs are anchored to the CM. These assumptions may exaggerate the effects of AFs on the tensile properties of cells. Nevertheless, to our knowledge, no publication has reported the mechanical properties of an AF that is not straight or the natural length of AFs within a cell. Future studies will investigate the effects of these assumptions on the obtained results.
Conclusions
In the present study, we simulated cellular mechanical behaviors with various AF orientations during tensile tests using the mechano-cell model. The results show that the initial stiffness of a cell decreases significantly as the mean of initial AF orientation angles increase from 0 to 45°. In contrast, the initial stiffness remains unchanged for orientation angles larger than 45°. In particular, the initial stiffness of a cell with parallel-oriented AFs was much larger than that with perpendicularly oriented AFs. The results also demonstrate that cell elongation induces a passive re-orientation of AFs in a stretched direction, thereby causing an increase in the cell stiffness. By comparing the rate of change for cell stiffness in the diagonally oriented model with that of the randomly oriented model, our data revealed that rate of change in cell stiffness is characterized not only by the mean of the initial AF orientation angle, but also by variation in AF distribution. These results demonstrate that initial AF orientation strongly affects the global tensile properties of a cell. In the future, we will develop a more realistic AF model by including bending, pre-strains, and non-linear mechanical properties to provide new insight into the relationship between AFs and the mechanical properties of a cell.
